This paper examines the possibility of constructing deformable mirrors for adaptive optics with a large number of degrees of freedom from silicon wafers with bimorph piezoelectric actuation.
INTRODUCTION
Adaptive optics (AO) has revolutionized astronomy by correcting in real-time the aberrations introduced by atmospheric turbulence using deformable mirrors with hundreds of actuators.
However, attaining diffraction limited imaging in the visible with the current 8-10 m class telescopes will require deformable mirrors with thousands of degrees of freedom 
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Figure 1 illustrates the increase in the number of degrees of freedom of correction required for imaging (Strehl = 0.5) when the diameter of the primary mirror increases. These curves were computed using the residuals of phase error variance in terms of the corrected Karhunen-Loève modes presented in. [4] [5] [6] Scaling up the current wavefront correctors and preserving their actuation pitches will result in deformable mirrors with several meters of diameter constituting very complex mechanisms.
Such a high complexity will raise issues on development and fabrication costs as well as reliability and maintenance. Moreover, controlling tens of thousands of coupled degrees of freedom of one deformable mirror with a bandwidth of 100 Hz will constitute a challenge on its own. The Figure 1 . Evolution of the number of degrees of freedom of the AO with the diameter of the primary mirror M1 in order to achieve diffraction limited imaging, Strehl = 0. 5. problem will become even more complicated if we consider that the scaling up of current weights will most certainly result in a higher dynamic interaction with the light-weight supporting structures and the other control systems of the telescope * . * This especially is true if the AO is part of M2. The wish list for future AO systems is as follows:
• Reduce pitch (increase actuator areal density).
• Reduce weight of AO systems, to reduce control-structure interaction.
• Achieve stroke of ∼ 10µm.
• Simplify the control system (simpler and faster control algorithms).
This paper presents a modular system whereby the AO mirror is built as a segmented mirror with hexagonal segments consisting of Si wafers with PZT bimorph actuation. The PZT thick film is deposited by screen printing, whose cost is to a large extent independent of the actuator areal density, and is well adapted to mass production. The expected advantage of the proposed concept in terms of price per degree-of-freedom of correction is shown in Figure 2 , when compared to other technologies of deformable mirrors.
The paper is focused on three steps towards a full demonstration of a complete segmented AO mirror:
(1) The manufacture of a single AO mirror with the thick film deposition technology and the verification that the mirror behaves according to numerical predictions.
(2) The verification that the bimorph mirror possesses the required performance in terms of stroke, spatial resolution and optical control capability.
(3) A numerical study has been conducted with a finite element model of piezoelectric laminate shells. The study has been conducted on a set of 7 segments equipped with a representative electrode layout; additional linear PZT actuators are provided for piston and tilt; the study reveals an exceptional morphing capability of the segmented mirror, with a nearly continuous transition of the mirror shape from one segment to the next.
We believe that the quality of the manufacturing process, its good repeatability, spatial resolution and control capability are good indicators of the quality of the concept. A full demonstrator involving several segments (3 or 7, depending on funding) is currently under construction. The paper is organized as follows: Section 2 discusses briefly the various options of deformable mirrors; section 3 describes the thick film deposition used in this study; section 4 reports on the control experiments which have been conducted. Section 5 describes the concept of segmented flexible mirror and presents a numerical simulation. Section 6 draws some conclusions.
DEFORMABLE MIRRORS FOR ADAPTIVE OPTICS
In order to compensate the turbulence-induced wavefront error, AO mirrors must provide a stroke of several microns with a control bandwidth of the order of 100 Hz. and carbon fibre reinforced plastic mirrors with embedded piezoceramic actuators.
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Piezoelectric actuators exhibit hysteresis, while electrostatic actuators are nonlinear; electromagnetic actuators tend to require more space and weight than the others. MEMS mirrors are all electrostatic; they can achieve a very small pitch, but they are limited to very small sizes.
The tailoring of the electrode deposited on the back of a piezoelectric bimorph mirror plays an important role in the wavefront correction that can be generated, and keystone shapes like those depicted in Figure 3 (left) are especially suited to the generation of the optical aberrations described by Zernike polynomials. However, in this study, we have opted for a honeycomb electrode shape, Figure 3 (right), which provides a homogeneous geometry that can be extended to larger, segmented optics. Thin Si wafers covered with a PZT layer may be modelled as piezoelectric laminate plates.
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Finite element studies show that the use of smaller electrodes in the corner of the segments help in achieving a smooth transition from one segment to the next. An interesting feature of our technology is that the manufacturing cost of one segment is almost independent of the complexity of its electrode.
SILICON BIMORPH MIRRORS
The Fraunhofer Institute for Ceramic Technologies and Systems (IKTS) has developed a method for depositing thick films of PZT materials on silicon substrates.
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Gold electrodes and PZTs, initially in the state of pastes, are deposited by screen-printing and are then sintered, undergoing a phase change and rigidifying.
Optical aperture The PZT patches are 80 µm thick, forming a very compact and lightweight laminate. Still, as will be seen below, the amplitudes of deformation are sufficient for applications in adaptive optics. This method of deposition by screen-printing circumvents the common problems that arise, when fabricating and polishing very thin plates of PZT and gluing them to a substrate. Moreover, all the steps of this process can be automated which, given the huge availability of silicon wafers, opens the door to the low-cost mass production of bimorph mirrors.
For the sake of demonstrating the manufacturing technology on the one hand, and verifying the performance on the other hand (stroke, spatial resolution, optical control capability), a bimorph mirror with the layout of Fig In the test set up, the mirror is simply supported by two rubber O-rings with 100 mm diameter and the active aperture where the shape of the mirror is controlled has 65 mm diameter.
CONTROL EXPERIMENT
An active optics bench has been set-up jointly by the Université Libre de Bruxelles (ULB) and Two control experiments have been conducted: (i) a closed-loop experiment using the Jacobian of the mirror determined experimentally, aimed at evaluating the capability of the system to correct high order optical aberrations, and (ii) an open-loop control experiment using the Jacobian obtained numerically, to evaluate our capability to model the system (it may also be regarded as an estimate of the quality of the manufacturing process).
Closed-loop experiment
The closed-loop experiment does not rely on any numerical results; the Jacobian matrix J relating the voltage applied to the electrodes, v, and the optical (Zernike) modes z o is determined column by column by applying a voltage to one electrode at a time. Each column of J contains the modal decomposition of the influence function of the respective electrode, i.e. the deformation of the mirror when a voltage is applied to that specific electrode and 0 V are applied to all the others. In this experiment, 60 V was applied to the electrode for which the influence function was being determined and 0 V to the remaining electrodes. This reflects a compromise between a high amplitude of deformation of a single electrode, which minimizes the sensitivity to measurement noise, and reduces the non-linearities due to hysteresis under high electrical fields.
The voltages v to be applied for the generation of each mode were calculated by multiplying the pseudo-inverse of the Jacobian matrix J by the target modal decomposition z o of the shape to be imposed on the mirror:
For generating a particular Zernike mode, the corresponding component of z o is assigned a specific finite amplitude; all the other components are assigned zero.
Constructing J as described above and applying Eq. Due to the non-linearities of the system, the procedure described above does not guarantee that the modes being controlled to 0 are entirely absent. Thus, after a first control attempt, further iterations are required in order to reduce the presence of these spurious modes. These iterations consist of determining the variations of the voltages to be applied ∆V that compensate the residual coefficients z res from the previous iteration. If z is the decomposition in Zernike modes of the surface generated in the last iteration then the residual coefficients are computed by:
and, the correction to the applied voltages is given by: normalized by the amplitude of the generated mode. It can be clearly seen that it was possible to generate each mode without significantly cross-exciting the remaining modes under control.
Open-loop control experiment
Another interesting comparison has been performed: The Jacobian matrix has been computed numerically, using a finite element code for piezoelectric shells, 15 and the voltages to be applied to achieve a given mirror shape have been computed numerically. These voltages have been applied to the experimental set-up, and the experimental shape of the mirror was found in excellent agreement with the numerical predictions as patent in Figure 9 . This is a good indicator of the quality of the manufacturing process and of the relatively small influence of the hysteresis. 
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Numerical Simulations
DEFORMABLE SEGMENTED MIRRORS
The thick film deposition used in this study, combined with flex-circuits for connectics and lowcost electronics for control, has the potential for being extended to a large number of electrodes with moderate cost. Commercially available Si wafers have a maximum diameter of 300 mm; this means that, with an actuator pitch of 5 mm, one could possibly fit as much as 2500 electrodes on a single mirror. However, with the modular approach developed here, one can build larger segmented deformable mirrors by modularly assembling hexagonal silicon bimorph mirrors with an electrode pattern similar to that represented in Figure 3 ; the curvature of these mirrors is induced by an array of PZT patches covering the entire back of the segment.
In this modular concept, the distribution of the patches in a honeycomb array confers homo- on application).
One big advantage of this configuration is that the control of the curvature of various segments is totally decoupled, and identical, leading to the possibility of sensing and correcting in parallel all the portions of the wavefront corresponding to each segment. However, the wavefront metrology (including co-phasing the segments) is a very challenging problem which is outside the scope of this study.
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Finite element numerical simulations with the material properties of the experiment described in section 4 demonstrate the capability for deforming this assembly of mirrors in a highly continuous manner. As an example, the mode-shape of 5th order coma was generated deformation of the mirror with 46 nm RMS. The capability of the assembly to generate such a deformation is illustrated in Figure 12 for an assembly of 7 segments with 133 bimorph and 3 linear actuators each, totalizing approximately 550 actuators within the inscribed aperture.
The mirror approximates this mode of 5th order coma with an error of 0.61 nm RMS. Electrodes at the edge Figure 13 . Detail of the deformation produced by the assembly of bimorph mirrors illustrating the continuity between segments achieved for different layouts of actuators. deformation in Figure 12 . Table 1 quantifies the improvement achieved by this sequence of refinement in terms of RMS error in approximating the 5th order coma and maximum vertical discontinuity between the segments.
CONCLUSIONS
This paper describes a modular bimorph mirror for adaptive optics applications. The mirror consists of a Silicon wafer covered with an array of thick film PZT deposit with honeycomb electrodes. The mirror may be used on its own, or as a segment of a larger mirror. The 
